Hepatitis C virus (HCV) glycoprotein E2 binds to human cells by interacting with the CD81 molecule, which has been proposed to be the viral receptor. A correlation between binding to CD81 and species permissiveness to HCV infection has also been reported. We have determined the sequence of CD81 from the tamarin, a primate species known to be refractory to HCV infection. Tamarin CD81 (t-CD81) differs from the human molecule at 5 amino acid positions (155, 163, 169, 180, and 196) within the large extracellular loop (LEL), where the binding site for E2 has been located. Soluble recombinant forms of human CD81 (h-CD81), t-CD81, and African green monkey CD81 (agm-CD81) LEL molecules were analyzed by enzyme-linked immunosorbent assay for binding to E2 glycoprotein. Both h-CD81 and t-CD81 molecules were able to bind E2. Competition experiments showed that the two receptors cross-compete and that the t-CD81 binds with stronger affinity than the human molecule. Recently, h-CD81 residue 186 has been characterized as the critical residue involved in the interaction with E2. Recombinant CD81 mutant proteins were expressed to test whether human and tamarin receptors interacted with E2 in a comparable manner. Mutation of residue 186 (F186L) dramatically reduced the binding capability of t-CD81, a result that has already been demonstrated for the human receptor, whereas the opposite mutation (L186F) in agm-CD81 resulted in a neat gain of binding activity. Finally, the in vitro data were confirmed by detection of E2 binding to cotton-top tamarin (Saguinus oedipus) cell line B95-8 expressing endogenous CD81. These results indicate that the binding of E2 to CD81 is not predictive of an infection-producing interaction between HCV and host cells.
Hepatitis C virus (HCV) is the major etiologic agent of non-A non-B hepatitis, infecting an estimated 400 million people worldwide (3) . A striking feature of HCV infection is the tendency towards a chronic status leading to liver diseases such as chronic hepatitis, cirrhosis, and hepatocellular carcinoma (24) . Moreover, HCV infection is also associated with mixed cryoglobulinemia, a B-lymphocyte proliferative disorder (2) . HCV is an enveloped virus classified as a Flavivirus (20) ; its genome is a positive-strand RNA of 9.5 kb, containing a single open reading frame encoding a large polyprotein precursor (5, 6) , whose cleavage results in mature structural and nonstructural viral proteins (18) . A basic polypeptide (core) and two envelope glycoproteins (E1 and E2) are the putative HCV structural proteins (30) . Because of the lack of a cell culture system for virus growth, most of the studies aimed at understanding the biological activity of viral envelope proteins have been performed on recombinant proteins (15, 16, 27, 28) . A truncated soluble recombinant form of HCV E2 glycoprotein has been reported to bind the surface of human cells (22) by interacting with the CD81 molecule (9, 19) .
CD81 is a member of the tetraspanin family, membrane proteins containing four transmembrane domains, a short intracellular domain, and two extracellular loops (13, 14) . CD81 is a widely expressed cell-surface protein which is conserved among different mammalian species. CD81 forms molecular complexes with cell-surface proteins, and these complexes vary in cell types of different lineages (23) . In B cells CD81 is a component of supramolecular complexes involved in B-cell activation (26, 29) . Engagement of CD81 with recombinant E2 has been reported to mimic natural ligand and activate biological functions on a B-cell-derived cell line (9) . The binding site for E2 has been mapped to the large extracellular loop (LEL) domain (19) . A soluble recombinant CD81 LEL molecule was shown to capture HCV viral particles (19) , suggesting that the interaction between CD81 and E2 plays a role in HCV infection. The CD81 LEL domain is highly conserved in primates. Humans and chimpanzee are the only two species permissive to HCV, and their cells are both able to bind HCV E2 in a CD81-dependent manner (19) . The African green monkey is not susceptible to HCV infection (1) , and the African green monkey CD81 (agm-CD81), differing at four residues from the human molecule (h-CD81), is not capable of binding HCV E2 protein (9, 12) .
Here, we report the sequence and the binding activity of HCV E2 glycoprotein to CD81 from a further primate, the tamarin. Surprisingly, though tamarins, New World monkeys of the genus Saguinus, are not permissive to HCV infection (11), E2 recombinant protein interacts with cell-surface-expressed tamarin CD81 (t-CD81). Moreover, binding experiments performed with soluble t-CD81 LEL show that the t-CD81 variant binds E2 with greater relative affinity than the human protein. Finally, mutagenesis of t-CD81 LEL suggests that the residue critical for interacting with E2 is shared between human and tamarin receptors.
washing with cold PBS, the matrix-bound GST fusion protein was eluted with reduced glutathione (Sigma) at a final concentration of 10 mM in 50 mM Tris HCl (pH 8.0). Proteins were supplemented with protease inhibitor cocktail tablets (1 tablet/50 ml; Boehringer Mannheim) and 0.05% NaN 3 , and the concentration was determined by protein assay (Bio-Rad). Finally, proteins were checked by Western blotting analysis (25) , using both anti-GST polyclonal antibody (Amersham Pharmacia Biotech) and anti-CD81 mouse monoclonal antibody (MAb) (1.3.3.22; Santa Cruz Biotechnology), and kept at Ϫ80°C in the presence of 10% glycerol.
Binding of E2 to recombinant CD81 proteins. Enzyme-linked immunosorbent assay (ELISA) plates were coated with 1 g of recombinant GST-CD81 proteins (t-CD81, h-CD81, agm-CD81, t-CD81-F186L, and agm-CD81-L186F, with GST as the control) diluted in PBS. After an overnight incubation at 4°C, plates were washed with washing buffer (0.05% Tween 20, PBS) and nonspecific binding sites were blocked with milk buffer (5% nonfat dry milk-0.05% Tween 20-0.05% NaN 3 in PBS) for 1 h at 37°C. Serial dilutions of crude cell extract containing E2 proteins were performed in milk buffer supplemented with 50 g of GST per ml, and the dilutions were preincubated 1 h at room temperature and then added to the CD81-coated plates for an overnight incubation at 4°C. After extensive washing, anti-His tag mouse MAb (Qiagen) diluted 1/400 in 2.5% bovine serum albumin-PBS was added and incubated for 3 h at 4°C. Alkaline phosphataseconjugated goat anti-mouse immunoglobulin G (IgG) (Sigma) diluted 1/2000 in milk buffer was used as secondary antibody. Plates were finally washed as described above, and alkaline phosphatase was revealed by incubation at 37°C with a 1-mg/ml solution of p-nitrophenyl phosphate in ELISA substrate buffer (10% diethanolamine buffer, 0.5 mM MgCl 2 [pH 9.8]). Results were expressed as the difference between the OD 405 and the OD 620 , as determined with an automated ELISA reader (Labsystems Multiskan Bichromatic, Helsinki, Finland). Competition of the binding to t-CD81 was performed by preincubation of a nonsaturating amount of E2 protein with recombinant CD81 molecules.
Cloning and expression of E2 protein. E2 protein representative of genotype 1a (strain H) was cloned into a VIJns-TPA plasmid (8) . E2 (H-661) was amplified by PCR using the sense primer 5Ј-GGAGCAGTCTTCGTTTCGCCCGAA ACCCACGTCACCGGGGGA-3Ј and the antisense primer 5Ј-AGGCACAGCA GATCTTTAGTGGTGGTGGTGGTGGTGTGGCAGGGTCGTGAAAGAACA CGG-3Ј, where the HCV-specific sequence is indicated in boldface and the sequence encoding the C-terminal histidine tag is italicized. The TPA fragment was optimized to ensure optimal cleavage and was PCR amplified using the sense primer 5Ј-CATGGGTCTTTTCTGCAGTCACCGTCCTTAGAT-3Ј and the antisense primer 5Ј-TCCCCCGGTGACGTGGGTTTCGGGCGAAACGAAGACT GCTCC-3Ј. The E2 fragment and the TPA fragment were assembled by PCR, and the resulting product was purified, digested with BglII and PstI, and ligated to the vector. 293 cells were transfected with the plasmid by the calcium phosphate method (25) . Culture supernatant was harvested 48 h later, concentrated 10 times using filter devices (Millipore Centricon Plus-80) and supplemented with protease inhibitor cocktail tablets (1 tablet/50 ml; Boehringer Mannheim) and 0.05% NaN 3 . Crude cell extracts were prepared in 1% Triton-20 mM Tris HCl (pH 7.5)-150 mM NaCl-1 mM EDTA supplemented by protease inhibitor cocktail tablets. Both cell extracts and concentrated supernatants were kept at Ϫ80°C in the presence of 10% glycerol. The amount of E2 in the extracts and in the supernatants was monitored by Western blotting by using an anti-His mouse MAb (Qiagen).
Binding of E2 proteins to cell lines. Binding of E2 to the cell surface was analyzed using a fluorescence-activated cell sorting (FACS)-based assay. Cells were washed twice in phosphate buffered saline-2% fetal calf serum-0.05% NaN 3 (washing buffer). Then, 2 ϫ 10 5 cells were allowed to bind with E2 concentrated supernatants at room temperature for 1 h. After one wash in washing buffer, an anti-His mouse MAb (Qiagen) was added at the concentration of 2 g/ml for 1 h at room temperature. As an isotype control, an anti-Flag mouse MAb (Kodak) was used to determine background fluorescence values. Finally, cell-bound MAb was visualized with anti-mouse IgG1-phycoerythrin conjugate (Serotec). For competition of E2 binding the supernatant was incubated for 1 h with the recombinant t-CD81 GST or GST alone (as the control) before incubating with cells. Detection of bound E2 was performed as described above. Competition of E2 binding was also obtained by incubation of cells with anti-CD81 (1.3.3.22; Santa Cruz Biotechnology) at a concentration of 10 g/ml for 30 min before being tested for the ability to bind E2. Bound E2 was visualized by addition of anti-His conjugate with Alexa 488 dye. The conjugate was prepared by using the Alexa protein labeling kit (Molecular Probes). Flow cytometry data acquisition was performed by using a Becton Dickinson FACS Vantage flow cytometer. Dead cells were detected by Sytox (Molecular Probes) staining and were excluded from analyses.
Nucleotide sequence accession number. The nucleotide sequence of the t-CD81 open reading frame from which the amino acidic sequence of the t-CD81 LEL domain has been deduced will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AJ250197.
RESULTS
Cloning of t-CD81 sequence. To investigate the relationship between permissiveness to HCV viral infection and CD81, we sequenced the CD81 molecule from a primate genus (Saguinus) nonsusceptible to the infection (11) . RNA was prepared from the S. oedipus-derived B95-8 lymphoblast cell line, from the liver of S. oedipus, and from hepatocytes of S. labiatus tamarins. Reverse transcription-PCR amplification of the CD81 open reading frame was performed using primers complementary to the h-CD81 sequence, and the product was cloned. The sequence of all three specimens was identical, indicating that there is no variability either between the two species examined or between primary cells and the cell line B95-8. The deduced amino acid sequence differs from that of the h-CD81 sequence in five amino acid positions, 155, 163, 169, 180, and 196, all located within the LEL domain, as shown in Fig. 1 .
Interaction of soluble CD81 LEL proteins with HCV E2 glycoprotein. The binding site for HCV E2 glycoprotein has been mapped to the LEL domain of the CD81 molecule (9, 19) . In general, fusions between tetraspanin large extracellular domains and GST have been described as correctly folded and functionally active (4). Moreover, a recombinant bacterially expressed h-CD81 LEL fused to GST has been reported to be able to bind HCV E2 envelope protein (9) . We have analyzed the binding of E2 derived from genotype 1a (H-661) to recombinant CD81 LEL-GST fusion proteins from different species. All of the recombinant CD81 proteins were produced with comparable yields. Similarly, the concentrations of purified CD81 variant proteins, as measured by their reactivity by Western blotting with anti-CD81 antibodies, were comparable (data not shown). ELISA plates were coated with various CD81 molecules, and E2 binding was measured. agm-CD81 was unable to bind E2, whereas both human and tamarin proteins bound E2 (Fig. 2A) . Indeed, E2 appeared to bind with higher relative affinity to t-CD81 than to h-CD81. To evaluate this further we compared the ability of soluble h-CD81 and t-CD81 proteins to compete for E2 interaction with t-CD81 bound to a solid support. Both human and tamarin proteins inhibited the interaction; however, a 10-fold-higher concentration of h-CD81 was required for the same level of inhibition (Fig. 2B) . These results support the data shown in Fig. 2A , suggesting that E2 binds with higher affinity to t-CD81.
Binding of HCV E2 to cell lines. E2 ectodomain derived from HCV genotype 1a (H-661) binds to a variety of cell lines of human origin interacting with the CD81 receptor molecule (9, 19) . We analyzed the binding of E2 to the cotton-top tamarin B95-8 cell line from which the t-CD81 cDNA was cloned for expression of the protein tested in the in vitro experiments described above. The binding was performed in parallel on the human cell line Molt-4 and on the mouse cell line EL4. The presence of the CD81 molecule on the cell surface was checked by FACS analysis using a fluorescein conjugate anti-h-CD81 monoclonal antibody. The antibody was cross-reactive with the t-CD81 and stained Molt-4 and B95-8 cells in a comparable manner (data not shown). E2 bound both human and tamarin cells, as revealed by the addition of a mouse MAb against the His tag of the recombinant protein followed by an anti-mouse IgG1-phycoerythrin conjugate (Fig. 3) . The E2 interaction to B95-8 occurred in a CD81-dependent manner since nonsaturating levels of E2 could be competed by preincubation of E2 with soluble recombinant t-CD81 (Fig. 4) . Moreover, preincubation of cells with anti-CD81 mouse MAb completely prevents E2 binding (Fig. 5) . In this experiment directly labeled anti-His MAb (Alexa 488) was used to reveal the bound antigen.
Defining the E2 binding region of t-CD81. To gain further insight into the functional equivalence of t-CD81 and h-CD81 regions interacting with E2, we constructed a mutant t-CD81, introducing an amino acid substitution known to be crucial for the interaction of h-CD81 with E2 (12) . The binding capability of h-CD81 is abrogated by replacing the phenylalanine at position 186 with a leucine, the corresponding residue present in agm-CD81. Hence, we mutated phenylalanine residue 186 to a leucine also in t-CD81. The mutant protein t-CD81-F186L was approximately 30-fold less active in binding E2 than the parental protein (Fig. 6) . To obtain direct evidence for the requirement of a phenylalanine at position 186 for CD81-E2 interactions, the mutation L186F was introduced in agm-CD81 with the expectation that this mutation would have promoted E2 binding. Indeed, the effect of this mutation was striking, as it converted the inactive agm-CD81 to a high-affinity molecule having the ability to bind E2 with an apparent affinity threefold higher than that of the tamarin receptor (Fig. 6) .
DISCUSSION
CD81 has been identified as a putative receptor for HCV envelope glycoprotein E2. The binding region for E2 was mapped to the LEL of the CD81 molecule (10, 19) . The LEL is highly conserved between humans and chimpanzees, the only two species known to be susceptible to HCV infection. Moreover, CD81 from nonsusceptible species, including the African green monkey (1), whose sequence differs from that of h-CD81 at only four residues, was shown to be unable to bind E2 (12, 19) . To gain further information about the association between permissiveness to HCV infection and CD81 receptors we sequenced the CD81 gene from monkeys of the genus Saguinus, commonly called tamarins. Unsuccessful attempts to experimentally infect tamarins have led to the conclusion that these monkeys are resistant to HCV (11) .
Cloning of the cDNA encoding CD81 from the S. oedipus cell line B95-8 allowed the characterization of this species' molecule, which is very similar to the h-CD81. We confirmed that t-CD81 obtained from the B95-8 cell line corresponded exactly to the molecule present in primary cells by sequencing the cDNA directly from two independent sources of hepatocytes belonging to the species S. oedipus and S. labiatus. The t-CD81 is identical to h-CD81 in the transmembrane domains, in the cytoplasmic domains, and in the extracellular loop 1, and it has only five amino acid differences, 155, 163, 169, 180, and 196, all located within the LEL region (Fig. 1) . It is interesting to note that two of the five changes are conservative (T163S and D196E). Moreover, phenylalanine 186, which has been recently shown to be crucial for the interaction with E2 (12) , is present in human and tamarin receptors and it is changed to leucine in the agm-CD81.
Production of soluble CD81 fusion proteins was achieved to perform comparative analysis of the interaction of E2 with CD81 molecules from different species. E2 protein from HCV interacts with soluble t-CD81 (Fig. 2) . The comparative analysis of direct binding to E2 suggested that t-CD81 binds even better than the human receptor. This indication was confirmed by cross-competition experiments where a 10-fold-higher concentration of the human receptor than of the t-CD81 was required to obtain comparable levels of inhibition of E2 binding to t-CD81 (Fig. 2B) .
Binding of E2 to S. oedipus-derived cells (B95-8) was performed with the aim of verifying that the interaction of the HCV envelope protein with the recombinant t-CD81 molecule reflected the ability of E2 to bind cell-surface-expressed t-CD81. B95-8 cells were indeed able to bind E2 in a CD81-dependent manner (Fig. 4 and 5) , as already described for human cells (9) .
Finally, we were interested in clarifying whether the LEL region involved in the interaction was the same for both human and tamarin receptors. A loss of function consequent to the mutation of h-CD81 residue 186 (F186L) has already been described (12) . Here we show that the same mutation in the tamarin receptor clearly impairs the binding to E2 (Fig. 6) , confirming that this amino acid residue is crucial for E2 binding of both h-CD81 and t-CD81. Even more interestingly, the opposite mutation in the corresponding residue of the inactive agm-CD81 (L186F) was sufficient to transform the agm-CD81 molecule to a strong binder, supporting the notion that the F in position 186 is absolutely required. The gain of function obtained in this case was very dramatic: we created a molecule capable of binding E2 with higher affinity than the best natural CD81 tested, t-CD81 (Fig. 6) . Previous experiments had shown that the binding of the human receptor could be improved by mutagenesis of residue 163 (T163A), where alanine is the natural amino acid present in the agm-CD81 molecule (12) . Probably the presence of alanine in position 163 confers high affinity binding on agm-CD81 when it is copresent with phenylalanine in position 186, as in the mutant agm-CD81-L186F. The construction of a series of mutants to acquire a complete picture of the residues responsible for the high binding activity of t-CD81 compared to that of its human counterpart is in progress.
The experiments presented in this study show that t-CD81 is able to bind HCV E2 glycoprotein, possibly through the same contacts of h-CD81-E2 interaction, in spite of the fact that HCV is unable to produce an infection in these animals. Thus, binding of HCV E2 glycoprotein to CD81 does not correlate with species permissiveness to HCV infection.
We could not assess whether t-CD81 is able to bind E2 displayed on HCV virions, since attempts to reproduce experiments on binding of HCV particles to CD81, as published by Pileri et al. (19) , were unsuccessful with both the h-CD81 and the t-CD81 molecules. A possible explanation of this failure might be related to the availability of a convenient source of virus. We used high-titer HCV-infected human sera (data not shown), whereas Pileri et al. used experimentally infected chimpanzee sera, possibly obtained in a very early stage of infection, preceding the occurrence of antibodies complexing the viral particles.
Whether CD81 is the key molecule for HCV attachment to cells is an as-yet-unanswered question (21) . We cannot exclude the possibility that HCV could gain entry into tamarin cells via CD81 and that infection would be blocked at a subsequent stage of the replicative cycle. On the other hand, CD81 may not be the sole receptor molecule involved in the interaction of the virus with the cells. We favor the hypothesis that a molecule exclusive for permissive species may be cooperative with CD81. One possibility is that cell entry of HCV requires, as does that of human immunodeficiency virus (7, 17) , a coreceptor that would strengthen the interaction with CD81 and/or determine the viral tropism for the liver, which could not be achieved only by interacting with the almost ubiquitous CD81 molecule.
